Noninvasive Assessment of LV Contraction Patterns Using CMR to Identify Responders to CRT  by Sohal, Manav et al.
J A C C : C A R D I O V A S C U L A R I M A G I N G V O L . 6 , N O . 8 , 2 0 1 3
ª 2 0 1 3 B Y T H E A M E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N I S S N 1 9 3 6 - 8 7 8 X / $ 3 6 . 0 0
P U B L I S H E D B Y E L S E V I E R I N C . h t t p : / / d x . d o i . o r g / 1 0 . 1 0 1 6 / j . j c m g . 2 0 1 2 . 1 1 . 0 1 9Noninvasive Assessment of LV Contraction
Patterns Using CMR to Identify
Responders to CRTManav Sohal, MBBS,*y Anoop Shetty, MBCHB,*y Simon Duckett, MD,*
Zhong Chen, MBBS,* Eva Sammut, MBBS,* Sana Amraoui, MD,z
Gerry Carr-White, MD, PHD,y Reza Razavi, MD,* Christopher Aldo Rinaldi, MD*y
London, United Kingdom; and Bordeaux, FranceOBJECTIVES Type II activation describes the U-shaped electrical activation of the left ventricle (LV)
with a line of block in patients with left bundle branch block (LBBB). We sought to determine if a
corresponding pattern of contraction could be identiﬁed using cardiac magnetic resonance (CMR)
cine imaging and whether this predicted response to cardiac resynchronization therapy (CRT).
BACKGROUND U-shaped LV electrical activation in LBBB has been shown to predict favorable
response to CRT. It is not known if the degree of electromechanical coupling is such that the same is
true for LV contraction patterns.
METHODS A total of 52 patients (48% ischemic) scheduled for CRT implantation prospectively
underwent pre-implantation CMR cine analysis using endocardial contour tracking software to
generate timevolume curves and contraction propagation maps. These were analyzed to assess the
contraction sequence of the LV. The effect of contraction pattern on CRT response in terms of reverse
remodeling (RR) and clinical parameters (New York Heart Association functional class, 6-min walk
distance and Heart Failure Questionnaire score) was assessed at 6 months.
RESULTS Two types of contraction pattern were identiﬁed; homogenous spread from septum to lateral
wall (type I, n¼ 27) and presence of block with a subsequent U-shaped contraction pattern (type II, n¼ 25).
Rates of RR in those with a type 2 pattern were signiﬁcantly greater at 6 months (80% vs. 26%, p< 0.001) as
was mean increase in 6-min walk distance (126  106 m vs. 55  60 m; p ¼ 0.004).
CONCLUSIONS Cine CMR can identify a U-shaped pattern of contraction which predicts increased
echocardiographic and clinical response rates to CRT in patients with LBBB. (J Am Coll Cardiol Img
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865ardiac resynchronization therapy (CRT) has
been shown to improve quality of life,A B B R E V I A T I O N S
A N D A C R O N YM S
CMR = cardiac magnetic
resonance
CRT = cardiac resynchronization
therapy
ECG = electrocardiograph
ICM = ischemic cardiomyopathy
LBBB = left bundle branch block
NCM = noncontact mapping
NICM = nonischemic
cardiomyopathyreduce heart failure hospitalizations, and
reduce mortality in selected heart failure
patients (1–3). It is indicated in patients with heart
failure and electrical dyssynchrony, which usually
manifests as left bundle branch block (LBBB) on
surface electrocardiography (ECG) (3). QRS dura-
tion alone remains only a moderate predictor of
response to CRT (4). Despite advances in patient
assessment and implant technology, a signiﬁcant
proportion of patients do not respond (5) and
noninvasive techniques for predicting CRT
response, including echocardiographic assessment of
dyssynchrony, have proved disappointing in multi-
center studies (6).
See page 874
The cornerstone of CRT is the correction of left
ventricular (LV) dyssynchrony, but patients with
LBBB may have marked heterogeneity of their LV
activation pattern that may determine CRT
response (7). Mapping of LV electrical activation in
patients with LBBB has demonstrated 2 activation
patterns: a U-shaped (type II) activation pattern
with a line of conduction block between the septum
and lateral wall, which is associated with a favorable
response to CRT, and a more homogenous (type I)
pattern associated with a lesser response to CRT
(7–10). The demonstration of LV activation pattern
generally requires methods such as contact and
noncontact mapping (NCM), which are highly
invasive and are associated with a signiﬁcant risk
and therefore are not widely applicable as useful
clinical tools. Noninvasive methods that are able to
reliably demonstrate the pattern of LV activation
may therefore be clinically useful in predicting CRT
response. Similarly, demonstration of a less favor-
able pattern of LV activation may alert the clinician
to the need for nonstandard forms of CRT such as
multisite or endocardial pacing.
Cardiac magnetic resonance (CMR) is able to
accurately characterize myocardial contraction and
motion. Assuming there is excitation-contraction
coupling, CMR may be able to noninvasively evaluate
LV activation patterns. CMR tagging and strain ana-
lyses give excellent spatial resolution when assessing
cardiac motion, but tag decay remains a problem that
makes it difﬁcult to track motion through the entire
cardiac cycle. We hypothesized that analysis of cine-
CMR images using endocardial contour tracking
software could identify LV contraction patterns anal-
ogous to LV activation. We investigated whetherCMR derived LV contraction patterns could predict a
favorable CRT response.
METHODS
Study population and assessment. The study was
approved by our institutional ethics committee, and all
patients gave written informed consent. Prospective
CMR assessment of 52 patients with conventional
criteria for CRT (New York Heart Association
[NYHA] functional classes II to IV, QRS duration
>120 ms, and LV ejection fraction #35%) was per-
formed. All patients underwent CMR imaging per-
formed with a 1.5-T scanner (Achieva, Philips
Healthcare, Best, theNetherlands) with a 32-element
cardiac coil. Delayed-enhancement cardiac magnetic
resonance was performed 15 to 20 min following the
administration of 0.1 to 0.2 mmol/kg gadopentetate
dimeglumine (Magnevist, Bayer Healthcare, Dublin,
Ireland) using conventional inversion recovery tech-
niques. Patients underwent standard trans-
thoracic echocardiographic assessment using
a Vivid 7 model scanner (General Electric-
Vingmed,Milwaukee,Wisconsin).Analysis
was performed with EchoPac version 6.0.1
(General Electric-Vingmed) providing data
for LV function and volumes pre-implan-
tation and at 6months.Ejection fraction and
LV dimensions were measured using the 2-
dimensional (2D) modiﬁed biplane Simp-
son method. End-systolic volumes were
recorded pre-implantation and at 6 months
post-implantation. Pre-implant 3-dimen-
sional (3D) echocardiographic assessment of
dyssynchrony was performed to derive a 16-segment
systolic dyssynchrony index (SDI). This was deﬁned
as the standard deviation of the time to reach mini-
mum volume for each of the 16 segments of the LV
expressed as a percentage of the cardiac cycle. Reverse
remodeling (RR) was deﬁned as a reduction in end-
systolic volume (ESV) of$15%.
Assessment of the pattern of LV contraction/activation.
A prototype software platform (TomTec, Unters-
chleissheim, Germany) was used to analyze long- and
short-axis steady-state free precessionCMRimages.All
CMR images were ECG gated, so all phases in all
separate images were acquired at the same point in the
cardiac cycle relative to the R-wave. The post-process-
ing software mandates that the 4 sequences used (3
long-axis and 1 short-axis stack) have the same number
of phases to ensure that each frame of each view reﬂects
the same point in the cardiac cycle. The LV endocardial
border was manually outlined at end-diastole and end-
systole in 2-, 3-, and 4-chamber long-axis views.
Figure 1. Assessment of LV Activation/Contraction Pattern
(Top) Three panels show a modiﬁed 16-segment model of the left ventricle (LV), a moving image of the propagating contraction front and a
3-dimensional (3D) model of LV contraction. (Bottom) Calculated 3D LV volumes and systolic dyssynchrony index (SDI) and time–volume
curves. Time is represented on the x-axis as a percentage of the cardiac cycle. Volume change in milliliters is represented on the y-axis. Ant ¼
anterior; DISPES ¼ dispersion end-systole (latest to earliest); EDV ¼ end-diastolic volume; EF ¼ ejection fraction; ESV ¼ end-systolic volume;
Inf ¼ inferior; LAT ¼ lateral; LVM ¼ left ventricular mass; MES ¼mean end-systolic time; PreContr ¼ pre-contraction time volume; PostContr ¼
post-contraction time volume; Sept ¼ septal; SV ¼ stroke volume.
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866The workﬂow for the post-processing software takes an
average of 10 to 12 min per patient. The software uses
advanced algorithms to track endocardial motion pro-
ducing a 3D shell of LV contraction. Time–volume
curves were generated (Fig. 1) (11), and these were used
to identify the latest activating segments on a modiﬁed
16-segmentAmericanHeartAssociationbulls-eyeplot.
A map depicting the propagation of contraction was
generated based on the time–volume curves. A systolic
dyssynchrony index (derived from thedispersion of time
to minimum regional volume for all 16 LV segments)
was also calculated (Fig. 1). Analogous to the pattern of
LV electrical activation, the pattern of contraction was
described as type I if propagation proceeded homoge-
nously from the septumto lateralwall and type II if a line
of block was apparent with a U-shaped pattern of
propagation (Fig. 2). The CMR contraction patterns
were assessed by 2 experienced independent observers
blinded to the echocardiography results.
Outcome measures. RR rates between patients
with type I and type II patterns of contraction were
compared. Additionally, changes in clinical parameters(NYHA functional class, 6-min walk distance, and
Minnesota Living with Heart Failure Questionnaire
score) were compared across the 2 groups.
Comparison with noncontact mapping. NCM data
were available for 5 patients included in this anal-
ysis. NCM was performed prior to CRT implan-
tation as part of a research protocol that has
previously been published (10). A mapping balloon
(Ensite Array EC1000 NCM, St. Jude Medical, St.
Paul, Minnesota) was passed in a retrograde fashion
across the aortic valve into the LV via the femoral
artery. Analysis of isopotential maps and the asso-
ciated morphological features of electrograms were
used to determine the pattern of activation.
Statistical analysis. Statistical analysis was performed
with PASWStatistics version 20 software (SPSS Inc.,
Chicago, Illinois). Group comparisons were per-
formed using an independent-samples t test for nor-
mally distributed data after the data were tested for
normality. Categorical variables were compared using
a chi-square test. The Cohen kappa coefﬁcient was
used to test for interobserver variability of categorical
Figure 2. Contraction Front Maps Demonstrating the Spread of Mechanical Contraction in Type I and Type II Propagation Patterns
(Top row) Type I contraction propagation with homogenous spread from the septum to lateral wall. (Bottom row) Type II pattern of contraction with an anterior line
of block resulting in a U-shaped pattern. Abbreviations as in Figure 1.
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867variables. Interobserver agreements of continuous
clinical measures were assessed according to the sta-
tistical methods proposed by Bland and Altman (12).
The measure of reproducibility used was 2 SD of the
interagreement indexes. Multivariate logistic regres-
sion analysis was used to evaluate independent pre-
dictors of CRT response. Values of p < 0.05 were
considered statistically signiﬁcant.
RESULTS
Fifty-two patients were studied with follow-up data
available for the entire cohort. Table 1 shows the
characteristics of the entire cohort and also grouped
according to contraction pattern. All patients were
in sinus rhythm. The majority of patients (88%)
were male, with a relatively equal number of ischemic
and nonischemic patients (48% vs. 52%, respec-
tively). A CMR-derived type II contraction pattern
was present in 25 of 52 (48%) patients. There was no
signiﬁcant difference between the groups according
to age (64.7  15.2 years vs. 64.9  10.8 years,respectively) or sex. Nonischemic patients were
signiﬁcantly more likely to have a type II contraction
pattern than ischemic patients (63% vs. 32%,
respectively; p ¼ 0.03). Most of the cohort was on
excellent medical therapy, with no statistical differ-
ences in the number of patients taking angiotensin-
converting enzyme inhibitors/angiotensin receptor
blockers,b-blockers, or aldosterone antagonists when
patients were divided according to contraction
pattern. More patients with a type II contraction
pattern were taking loop diuretics (92% vs. 67%,
respectively; p ¼ 0.02). Baseline NYHA functional
class, 6-min walk distance, and Heart Failure Ques-
tionnaire scores were similar between the 2 groups.
Patients with type II contraction tended to have
broaderQRSdurations (type I 152 20ms vs. type II
159  27 ms), but this did not reach statistical sig-
niﬁcance. SDI derived from 3D echocardiography
was nonsigniﬁcantly greater in patients with type II
contraction, whereas SDI derived from CMR was
signiﬁcantly greater in those with type II contraction
(9.3 3.9% vs. 13.2 5.5%, respectively; p¼ 0.006).
Table 1. Characteristics of the Cohort When Divided According to Contraction Pattern
All
(N [ 52)
Type I
(n [ 27)
Type II
(n [ 25) Chi-Square Value p Value
Age, yrs 64.8  13.1 64.7  15.2 64.9  10.8 0.95
Sex
Male 46 (88) 25 (93) 21 (84) 0.94 0.41
Female 6 (12) 2 (7) 4 (16)
Cause
ICM 25 (48) 17 (68) 8 (32) 4.99 0.03*
NICM 27 (52) 10 (37) 17 (63)
Medication
ACEI/ARB 50 (96) 25 (93) 25 (100) 0.87
Beta-blockers 48 (92) 26 (96) 22 (88) 0.17
Aldosterone antagonists 39 (75) 20 (74) 19 (76) 0.26
Diuretics 41 (79) 18 (67) 23 (92) 0.02*
NYHA functional class
II 9 (17) 4 (15) 5 (20) 0.22
III 40 (77) 20 (74) 20 (80)
IV 3 (6) 3 (11) 0 (0)
HF score 51.4  23.8 50.1  23.3 52.5  24.4 0.72
6MWD, m 235  124 257  129 208  119 0.16
QRSD, ms 155  24 152  20 159  27 0.35
EDV, ml 227  68 228  69 225  69 0.85
ESV, ml 174  62 171  64 177  62 0.77
EF, % 24.3  8.7 26.1  9.2 22.4  7.9 0.12
Echo SDI, % 9.3  6.5 7.9  5.9 10.8  6.9 0.12
CMR SDI, % 11.2  5.1 9.3  3.9 13.2  5.5 0.006*
Scar $25%
Yes 26 (55) 17 (71) 9 (39) 4.78 0.10
No 21 (45) 7 (29) 14 (61) 2.71 0.03*
Transmural scar
Yes 20 (43) 13 (54) 7 (30)
No 27 (57) 11 (46) 16 (70)
LV lead position
Posterolateral 13 (48) 15 (60) 7.28 0.12
Lateral 14 (52) 6 (24)
Anterolateral 0 (0) 1 (4)
MCV 0 (0) 2 (8)
Anterior 0 (0) 1 (4)
Values are mean  SD or n (%). *Statistically signiﬁcant.
6MWD ¼ 6-min walk distance; CMR ¼ cardiac magnetic resonance; EDV ¼ end-diastolic volume; EF ¼ ejection fraction; ESV ¼ end-systolic volume; HF score ¼
Minnesota Living with Heart Failure Questionnaire score; ICM¼ ischemic cardiomyopathy; MCV¼middle cardiac vein; NICM ¼ nonischemic cardiomyopathy; NYHA¼
New York Heart Association; QRSD ¼ QRS duration; SDI ¼ systolic dyssynchrony index.
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868Effect on RR. Table 2 shows the echocardiographic
and clinical response rates for the cohort divided by
contraction pattern. The response rate in terms of
RR for the entire cohort was 52%. The mean change
in echo-derived ESV at 6 months was signi-
ﬁcantly greater in the group with type II contraction(21.3 23.3% vs.3.6 25.7%, respectively; p¼
0.02). The RR rate in those with a type II compared
to type I pattern was signiﬁcantly greater (80% vs.
26%, respectively; p < 0.001).
Effect on clinical response. The mean increase in
6-min walk distance was signiﬁcantly greater in the
Table 2. Outcome Measures When Divided According to Contraction Pattern
All
(N [ 52)
Type I
(n [ 27)
Type II
(n [ 25)
Chi-Square
or p Value
DNYHA functional class 40 (77) 19 (70) 21 (84) p ¼ 0.24
DHF score 21  20 21  24 22  18 p ¼ 0.86
D6MWD, m 97  95 55  60 126  106 p ¼ 0.004*
EDV, ml 212  73 221  70 205  76 p ¼ 0.48
ESV, ml 149  63 159  62 138  64 p ¼ 0.31
EF, % 31.7  9.7 29.9  10.1 33.3  9.3 p ¼ 0.26
DESV, % 13.2  25.8 3.6  25.7 21.3  23.3 p ¼ 0.02*
Respondery
Yes 27 (52) 7 (26) 20 (80) chi-square ¼ 15.2;
No 25 (48) 20 (74) 5 (20) p < 0.001*
Values are n (%) or mean  SD. *Statistically signiﬁcant. yResponder refers to a patient with a reduction in ESV of 15% or more at 6 months.
D6MWD ¼ mean change in 6-min walk distance at 6 months; DESV% ¼ percentage change in end-systolic volume at 6 months; DHF score ¼ mean change in
Minnesota Living with Heart Failure Questionnaire score at 6 months; DNYHA ¼ reduction of at least 1 in New York Heart Association functional class at 6 months;
other abbreviations as in Table 1.
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869group with a type II pattern (55  60 m vs. 126 
106 m, respectively; p ¼ 0.004). There was no
statistically signiﬁcant difference between the
groups in terms of reduction in NYHA functional
class or Heart Failure Questionnaire score.
Outcomes according to contraction pattern in
ischemic and nonischemic patients. Further analysis
according to contraction pattern was performed in
patients with ischemic cardiomyopathy (ICM) and
nonischemic cardiomyopathy (NICM) (Table 3).
Patients were subgrouped according to cause and
contraction pattern. In patients with NICM there
was a signiﬁcant increase in 6-min walk distance
and a highly signiﬁcant increase in RR in patients
with a type II pattern (88% vs. 20%, respectively;
p < 0.001). When compared to the entire cohort,
NICM patients with a type II contraction pattern
had a signiﬁcantly improved response rate in terms
of RR (Fig. 3). For ICM patients there was no
signiﬁcant difference in NYHA functional classTable 3. Outcome Measures Divided According to Contraction Patt
ICM Type I
(n [17)
ICM Type II
(n [ 8)
Chi-Square
or p Value
DNYHA 10 (59) 5 (63) p ¼ 0.86
DHF score 19  24 20  24 p ¼ 0.89
D6MWD 63  77 101  93 p ¼ 0.29
DESV, % 3.9  21.9 13.4  25.2 p ¼ 0.37
Respondery
Yes 5 (29) 5 (63) chi-square ¼ 2
No 12 (71) 3 (37) p ¼ 0.19
Values are n (%) or mean  SD. *Statistically signiﬁcant. yResponder refers to a pa
Abbreviations as in Tables 1 and 2.reduction, Heart Failure Questionnaire score
reduction, or increase in 6-min walk distance ac-
cording to contraction pattern. RR rate was 29%
versus 63% for type I and type II, respectively
(p ¼ 0.19).
Effect of scarring. Scar evaluation was possible in 47
of 52 patients (Table 1). Reduced renal function
precluded the administration of gadolinium-based
contrast in 4 patients, and 1 patient had a docu-
mented allergy to gadolinium. Scars of at least 25%
transmurality in at least 2 segments were present in
26 (55%) subjects of the entire cohort in whom scar
evaluation was possible. Of these 26 patients, 20
(77%) had at least 2 segments with full-thickness
scar. Scars of at least 25% transmurality in at least 2
segments were present in 17 (71%) of those with a
type I contraction pattern and 9 (31%) of those with
a type II contraction pattern (chi-square ¼ 4.78;
p ¼ 0.03). The same values for type I and II
contraction when looking at transmural scar were 13ern and Cause
NICM Type I
(n [ 10)
NICM Type II
(n [ 17)
Chi-Square
or p Value
9 (90) 16 (94) p ¼ 0.69
24  26 22  15 p ¼ 0.89
45  37 135  117 p ¼ 0.01*
3.1  34.2 25.0  22.1 p ¼ 0.07
.48; 2 (20) 15 (88) chi-square ¼ 12.6
8 (80) 2 (12) p < 0.01*
tient with a reduction in ESV of 15% or more at 6 months.
Figure 3. Forest Plot of the Odds Ratio for CRT Response in ICM
and NICM Groups According to Pattern of Contraction
CI ¼ conﬁdence interval; CRT ¼ cardiac resynchronization therapy;
ICM ¼ ischemic cardiomyopathy; NICM ¼ nonischemic cardio-
myopathy; OR ¼ odds ratio.
Figure 4. Forest Plot of the Odds Ratio for CRT Response in a
Multivariate Regression Model Including 4 Variables
QRSD ¼ QRS duration; other abbreviations as in Figure 3.
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870(54%) and 7 (30%), respectively (chi-square ¼ 2.71;
p ¼ 0.10).
In a multivariate logistic regression model
including QRS duration of >150 ms, cause, type II
contraction pattern, and the presence of scars of at
least 25% transmurality in at least 2 segments, a type II
contraction pattern was the only statistically signiﬁ-
cant independent predictor of RR at 6 months, with
an odds ratio of 8.39 (95% conﬁdence interval: 1.86 to
37.8; p ¼ 0.006) (Fig. 4).
Lead positions. Most LV pacing leads were posi-
tioned in either posterolateral or lateral branches of
the coronary sinus (Table 1). There was no statis-
tically signiﬁcant difference in LV lead position
when comparing those with a type I and type II
pattern of contraction.
Correlation with noncontact mapping. CMR
contraction maps were compared to activation maps
derived from NCM in 5 patients. There was
agreement between the 2 modalities in all 5 patients.
Figure 5 shows an activation map derived from
NCM in a patient with type II activation (Fig. 5,
top panels) and the contraction front map derived
from the analysis of the cine-CMR images. The
anterior line of block and U-shaped pattern of
activation identiﬁed by NCM is closely mirrored by
the contraction front map.
Reproducibility analysis. Two observers assessed the
CMR images and TomTec analyses and grouped
patients according to the pattern of contraction. The
kappa coefﬁcient of agreement with regards to
contraction pattern was 0.73, indicating excellentinterobserver agreement. Further reproducibility
analyses of endocardial contour segmentation were
also performed. Two imaging experts independently
segmented the endocardial contours of 10 datasets.
The sequence of contraction was compared by
assessing the time–volume curves (from which the
contraction front maps are derived). The sequence
was identical in all 10 datasets. There was a very
close agreement in terms of CMR-derived SDI in
each of the 10 datasets. The interobserver average
difference was 0.4  1.2%, and the coefﬁcient of
variance was 3.9  3.0%.
D I SCUSS ION
We have shown that analysis of cine-CMR images
with contour-tracking software can identify a
pattern of LV contraction that is analogous to the
pattern of LV activation described in patients with
LBBB (8). Two patterns of contraction propagation
were identiﬁed, one with a homogenous spread
from the septum to lateral wall (type I) and the
other with an apparent line of block, giving rise to a
U-shaped pattern of propagation (type II). Patients
with a type II pattern showed a more favorable
response to CRT in terms of RR and increased
6-min walk distance. Subjective measures of CRT
response were not signiﬁcantly different, suggesting
a possible placebo effect of CRT in the echocar-
diographic nonresponders.
Comparison with electrical activation derived from
invasive mapping. In our patients, a type II pattern
of contraction propagation was identiﬁed in 48% of
patients. Auricchio et al. (8) was the ﬁrst to describe
LV activation patterns in patients with LBBB,
Figure 5. Comparison of Maps of Electrical Activation With Those of Mechanical Contraction
(Top) Noncontact isopotential map of left ventricular (LV) electrical activation in a left anterior oblique orientation. LV activation spreads from the septum before
encountering an anterior line of block (white arrows) and spreading inferiorly giving a U-shaped (type II) pattern of activation. (Bottom) Corresponding contraction
front map analysis of cardiac magnetic resonance cine images. The anterior line of block is seen (white arrows) as is the U-shaped pattern of activation. Abbreviations
as in Figure 1.
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871demonstrating a type II pattern in 23 of 24 (96%)
cases. Subsequent studies have found the prevalence
of type II activation to be lower (7,10,13). Lambiase
et al. (7) found a type II activation pattern in 6 of
10 (60%) patients studied (13), and Fung et al. (7)
identiﬁed a type II activation pattern in 15 of
23 patients (65%). Our relatively low percentage
of a type II contraction pattern may be explained
by several factors. First, compared to previous
studies, ours had a greater proportion of ischemic
patients, a group in which type I activation is more
prevalent (7). Second, it is possible that the CMR-
derived contraction pattern may not have the
spatiotemporal resolution to correctly identify a type
II activation pattern in our patients (however, our
NCM data, albeit in a small number of patients,
would suggest a good correlation). Our echocar-
diographic RR rate of 52% is lower than that of
Fung et al. (7) at 61% and this may reﬂect the
higher proportion of ischemic patients in the current
study. Of note, the rate of RR in the study by Fung
et al. (7) was 80% for type II and 25% for type I,which is strikingly similar to our ﬁndings of 80%
and 26%, respectively.
Mechanical contraction and electrical activation.
Our study used mechanical contraction pattern as a
surrogate for electrical activation. The question re-
mains as to whether it is reasonable to assume an
electromechanical association such that the type II
electrical activation pattern is reﬂected in a similar
pattern of mechanical propagation. Animal studies
have shown a discrepancy between electrical and
mechanical activation (14,15), with mechanical
delay exceeding electrical delay under conditions
of ventricular pacing, a ﬁnding later conﬁrmed in a
canine model of LBBB (16). Another canine study
showed that prolonged delay from regional electrical
activation to the onset of shortening in late-activated
segments during LBBB is the result of an increased
rate in pressure rise (LV dP/dt) at the time of acti-
vation and that LV contractility is positively corre-
lated with increasing electromechanical delay (17). It
appears, therefore, that mechanical delay may over-
estimate the extent of electrical dyssynchrony, but
Sohal et al. J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 6 , N O . 8 , 2 0 1 3
LV Contraction Patterns and Response to CRT A U G U S T 2 0 1 3 : 8 6 4 – 7 3
872there is no evidence to suggest a difference in the
pattern of electrical and mechanical activation.
Indeed, a linear relationship between electrical acti-
vation and contraction onset in healthy paced canine
hearts has been demonstrated (18).
Fung et al. (7) were the ﬁrst to provide information
on an electromechanical association in humans by
combining echocardiographic and endocardial
mapping data in the same patients receiving CRT.
They found a close correlation between the LV
activation time and echocardiographic markers of
mechanical dyssynchrony in patients with a type II
activation but not in patients with a type I pattern (7).
In keeping with this, our patients with type II
contraction had a signiﬁcantly greater degree of
CMR-derived dyssynchrony (SDI) than those with a
type I contraction pattern. The echo-derived SDI
difference between contraction patterns also had a
tendency toward more mechanical dyssynchrony in
those with a type II pattern, but this did not reach
statistical signiﬁcance. This difference between
CMR- and echo-derived SDI is likely explained by 2
factors. First, endocardial deﬁnition is superior with
CMR, thereby allowing better identiﬁcation of the
contours. Second, the echo data calculate the SDI
using a full 3D image of the LV, whereas CMR
extrapolates data from combining multiple 2D
short-axis and long-axis views. A lesser degree of
electromechanical coupling in patients with type I
activation may explain the lower response rates to
CRT in this group. Our study provides some degree
of electrical and mechanical correlation, albeit in a
small cohort of patients. Five patients in our series
had NCM data available, and the isopotential maps
of electrical activation matched the contraction maps
(Fig. 5). Our data suggest an electromechanical as-
sociation and that the presence of a type II pattern
of mechanical contraction propagation predicts a
favorable response to CRT, particularly in NICM. A
notable ﬁnding of the present study was the poor
response rate to CRT in NICM with type I activa-
tion (20% RR), suggesting that identiﬁcation of this
contraction pattern may be especially important in
nonischemic patients. The presence of scar might be
expected to negate the ability of CMR to identify a
type II pattern of contraction. A type II pattern was
identiﬁed in 32% of ischemic patients, and there was
a tendency toward increased RR rates in this group.
Statistical signiﬁcance was not reached and may be
because of the small absolute number in that group.
If this ﬁnding is veriﬁed in larger studies it may be
useful as a means of identifying which patients are
more likely to respond in what is an extremely
challenging group of patients to treat.Other noninvasive modalities for assessing LV acti-
vation. Electrocardiographic imaging has emerged
as a potential technique for noninvasively assessing
LV activation. It is based on 250 body surface ECGs
and a patient-speciﬁc heart-torso anatomy derived
from an ECG-gated computed tomographic scan.
Electroanatomic maps of epicardial potentials, elec-
trograms, and activation sequences are generated. In
a study of 25 patients with NICM and LBBB, re-
sponders to CRT were found to have a line of con-
duction block located between the epicardial aspect
of the septum and LV lateral wall (19). Whether this
ﬁnding extends to patients with ICM is not yet
known. Our study (and the CRT population as a
whole) includes a large proportion of patients with
ICM, and our ﬁndings suggest that if a patient has an
ischemic cause and a type I pattern of LV contraction
propagation, then the patient is unlikely to respond
to conventional CRT. An alternative ultrasound-
based modality, electromechanical wave imaging,
has shown some potential in mapping electro-
mechanics of all 4 cardiac chambers at high temporal
and spatial resolution in both animals and humans
(20). A linear relationship between electromechan-
ical wave and electrical activation sequences has
been shown, thereby demonstrating that the elec-
tromechanical wave follows the electrical activation
sequence in healthy tissue. Whether these ﬁndings
will be replicated in diseased hearts remains to be
seen.
Study limitations. We have used noninvasive
assessment of the contraction pattern fromCMR as a
surrogate for electrical activation. The accuracy of
this technique is a potential limitation. The software
used in this study generates time–volume curves and
contraction propagation maps by contouring endo-
cardial motion on cine-CMR images. It is recog-
nized that traditional cardiac imaging pulse
sequences such as tagged CMR and phase-contrast
CMR contain more information about regional
myocardial motion than cine-CMR. Temporal res-
olution of tagging sequences currently is on the order
of 15 to 20 ms, which is sufﬁcient to detect peak
systolic strain, and this will potentially miss move-
ment in the isovolumic contraction period, which is
often seen in LBBB (21). NCM data were available
only for a small proportion of the cohort, but a
growing body of evidence suggests that the sequence
of mechanical activation follows that of electrical
activation, and the demonstration of a good associ-
ation between the MR-derived contraction front
map and the electrical activation maps obtained from
NCM in some of our cohort suggests that analysis of
cine-CMR images holds promise as a means for
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873detecting LV contraction patterns that predict
enhanced CRT response rates.
The number of patients in our analysis was rela-
tively small (although larger than any other study
looking at activation patterns in CRT patients),
and an appropriately powered randomized trial is
necessary to ensure that the ﬁndings in this study are
more generally applicable.
CONCLUS IONS
Analysis of cine-CMR sequences using dedicated
software to generate time–volume curves and contrac-
tion front maps can demonstrate 2 types of LVmechanical activation which mirror that reported for
electrical activation. Mechanical activation character-
ized by a line of block between the septum and LV
lateral wall predicted an increased response rate to
CRT, particularly in nonischemic patients. Noninva-
sive identiﬁcation of contraction patterns using cine-
CMR may prove a clinically useful tool to identify a
group of patients that will beneﬁt from CRT.
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